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DESCRIPTION 

SILICON NITRIDE ABRASION RESISTANT MEMBER AND METHOD FOR 

MANUFACTURING THE SAME 

5 Technical Field 

The present invention relates to a silicon nitride-based abrasion (wear) 
resistant member and a method for manufacturing the member, and more particularly 
to a silicon nitride abrasion resistant member that, even w&ien prepared from 
inexpensive powdered silicon nitride manufactured by metal nitriding. has a 
10 mechanical strength, high abrasion resistance, a rolling life, equal to or higher than 
those of conventional sintered silicon nitride, and excellent workability, and to a 
method for manufacturing the member. 
Background Art 

Conventional sintered silicon nitride is known to have a composition, for 
15 example, of silicon nitrlde/rare-earth oxide/aluminum oxide, or silicon nitride/yttrium 
oxide/aluminum oxide/aluminum nitride/titanium. A sintering aid, including a rare- 
earth oxide such as yttrium oxide (Y2O3) in the composition described above, has 
widely been used to enhance sintering, thus increasing the density and the strength 
of a sintered body. 

20 Conventional silicon nitride sintered body for use in a rolling bearing member, 

which requires high abrasion resistance (wear resistance), in particular excellent 
sliding characteristics, is commonly manufactured using as a raw powder a high- 
purity silicon nitride fine powder, for example, synthesized by thermal decomposition 
of an imide. 

25 However, the conventional silicon nitride sintered body for use in a rolling 

bearing member is manufactured by using an expensive raw powder synthesized in 



- 2 - 



accordance with a process of thermal decomposition of an imide. Furthermore, the 
conventional silicon nitride sintered body has so high a mechanical strength or a 
fracture toughness that the sintered body has poor workability Thus, there has been 
posed a problem that a product formed of the abrasion resistant member involves 
5 higher manufacturing costs. 

Although the silicon nitride sintered body manufactured by the conventional 
method has a higher bending strength, increased fracture toughness, and improved 
abrasion resistance, it is insufficient in rolling characteristics and durability particularly 
necessary to the bearing member Thus, the silicon nitride sintered body needs 

1 0 further improvement. 

In recent years, there has been an increase in demand for ceramic material as 
a member for a precision apparatus. In such an application, the advantages of 
ceramics of high hardness, light weight (lightness), and high abrasion resistance are 
utilized together with high corrosion resistance and low thermal expansion. In 

15 particular, the application of the ceramic material as an abrasion resistant member 
forming a slide portion, such as a bearing, grows rapidly owing to its high hardness 
and excellent abrasion resistance. 

However, when a bearing rolling ball is made of a ceramic abrasion resistant 
member, the abrasion resistant member is insufficient in the rolling life. Repeated 

20 rolling of the rolling ball under high stress in contact with a casing may cause 
exfoliation or fracture (crack) within a short period of operation. The exfoliation or 
fracture develops vibration of an apparatus including the bearing or tends to cause 
trouble damaging the apparatus. In either case, there has been also posed a 
problem that the ceramic abrasion resistant member exhibits poor durability and low 

25 reliability as a component material for the apparatus. 

Further, manufacture of an abrasion resistant member having a fine uniform 



- 3 - 



sintered cxDmpact staicture and excellent strength characteristics requires a high- 
purity ceramic raw material with less impurity content. This situation increases the 
raw material cost and thus greatly increases the manufacturing cost of the abrasion 
resistant member. 

5 The present invention had been achieved to address the problems described 

above. Accordingly, it is an object of the present invention to provide a silicon nitride 
abrasion resistant member suitable for a rolling bearing member and a method for 
manufacturing the member The silicon nitride abrasion resistant member, even 
when prepared from inexpensive powdered silicon nitride manufactured by metal 
10 nitriding, has a mechanical strength, abrasion resistance, and a rolling life, equal to or 
higher than those of conventional sintered silicon nitride, and has particulariy 
excellent workability. 

Disclosure of the Invention 

15 In order to achieve the aforementioned object, the inventors of the present 

invention experimentally changed the type of silicon nitride raw powder, the type and 
the amount of sintering aid or additive, and firing conditions, widely used in the 
manufacture of conventional silicon nitride sintered body, and thereby studied the 
effects of these factors on the characteristics of the resultant sintered bodies. 

20 As a result, the present inventors found that a silicon nitride abrasion resistant 

member can have a density, a mechanical strength, abrasion resistance, and a rolling 
life, equal to or higher than those of conventional silicon nitride sintered bodies, and 
particulariy excellent workability and is suitable for a rolling bearing member when a 
raw material mixture prepared by adding predetermined amounts of rare-earth oxide, 

25 aluminum component such as aluminum oxide or aluminum nitride, silicon carbide, 
and optionally at least one element selected from the group consisting of Ti, Hf, Zr, W, 
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Mo, Ta, Nb, and Cr to an inexpensive fine silicon nitride powder synthesized by metal 
nitriding is sintered, and when the sintered compact is subjected to HIP (hot isostatic 
pressing) treatment under predetermined conditions. 

The present inventors also found that the control of particular impurity 
5 elements of iron (Fe) and calcium (Ca) within a particular range prevents or reduces 
the formation of cohesive portions (aggregated portions) in a sintered silicon nitride 
structure. This reduces fragile portions serving as the origin (starting portion) of 
fracture and provides an abrasion resistant member having excellent life 
characteristics. The present invention had been accomplished on the basis of these 
10 findings. 

Namely, a silicon nitride abrasion resistant member according to the present 
invention is formed of silicon nitride sintered body containing 2% to 4% by mass 
(oxide equivalent) of a rare earth element as a sintering aid, 2% to 6% by mass 
(oxide equivalent) of an Al component, and 2% to 7% by mass of silicon carbide and 

15 having a porosity of 1% or less, a three-point bending strength of 800 to 1000 MPa, 
and a fracture toughness of 5.7 to 6.5 MPa m^^. 

In the above silicon nitride abrasion resistant member, the sintered silicon 
nitride preferably contains 3% by mass or less (oxide equivalent) of at least one 
element selected from the group consisting of Ti. Zr, Hf, W, Mo, Ta, Nb, and Cr. 

20 Further, in the above silicon nitride abrasion resistant member, the sintered 

silicon nitride preferably contains 10 to 3000 ppm of Fe. Preferably the sintered 
silicon nitride contains 10 to 1000 ppm of Ca. 

An excessive amount of Fe or Ca in the sintered silicon nitride over the 
prescribed range results in more easier formation of a fragile cohesive portion serving 

25 as the origin (starting portion) of fracture in the sintered silicon nitride structure, more 
easily causing a deterioration of the life characteristics of the abrasion resistant 
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member. Use of a high-purity raw powder to decrease the impurity content below the 
prescribed range results in an increase in raw material cost, leading to an economical 
disadvantage. When the impurity content is within the prescribed range, an 
inexpensive silicon nitride raw powder manufactured by direct nitriding of metal Si 
5 can appropriately be used. The use of such raw material of low cost is very 
advantageous to a reduction in manufacturing costs. 

In the above silicon nitride abrasion resistant member, three SUJ2 rolling steel 
balls having a diameter of 9.35 mm are placed on a track having a diameter of 40 
mm disposed on the top surface of a plate abrasion resistant member formed of the 

1 0 sintered silicon nitride. When these rolling steel balls are rotated at 1200 rpm under a 
load of 39.2 MPa, the rolling life, which is defined by the number of rotations that 
have been occurred by the time the silicon nitride abrasion resistant member is 
exfoliated, is preferably at least 1 x 10^. 

Further, in the above silicon nitride abrasion resistant member, when the 

1 5 silicon nitride sintered body has a crushing strength of 1 50 to 200 MPa and a fracture 
toughness of 5.7 to 6.5 MPa m^'^ and when three rolling balls each having a diameter 
of 9.35 mm manufactured from an abrasion resistant member formed of this silicon 
nitride sintered body are placed on a track having a diameter of 40 mm disposed on 
the top surface of an SUJ2 steel plate and are rotated at 1200 rpm under a maximum 

20 contact stress of 5.9 GPa, the rolling fatigue life, which is defined by the elapsed time 
until the sintered silicon nitride rolling balls are exfoliated, is preferably at least 400 
hours. 

A method for manufacturing a silicon nitride abrasion resistant member 
according to the present invention includes the steps of preparing a raw material 
25 mixture by adding 2% to 4% by mass (oxide equivalent) of a rare earth element, 2% 
to 4% by mass of AI2O3, and 2% to 7% by mass of silicon carbide to silicon nitride 
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powder, molding the raw material mixture into a compact (molded body), and 
sintering the compact in a non-oxidizing atmosphere, wherein the silicon nitride 
powder is synthesized by metal nitriding method, contains 1.5% by mass or less of 
oxygen and at least 80% by mass of a-silicon nitride, and has an average particle 
5 diameter of 1 |im or less. 

Furthermore, in the above method for manufacturing a silicon nitride abrasion 
resistant member, 3% by mass or less (oxide equivalent) of at least one element 
selected from the group consisting of Ti, Hf, Zr, W, Mo, Ta, Nb, and Cr is preferably 
added to the silicon nitride powder 

10 In the above method for manufacturing a silicon nitride abrasion resistant 

member, preferably, 2% to 4% by mass of AI2O3 and 1% to 3% by mass of AIN are 
added to the silicon nitride powder, and the total content of the aluminum 
components in the raw material mixture is 6% by mass or less (oxide equivalent). 

Furthermore, in the above method for manufacturing a silicon nitride abrasion 

15 resistant member, the silicon nitride sintered body is preferably subjected to HIP (hot 
isostatic pressing) treatment at a pressure of 30 MPa or more in a non-oxidizing 
atmosphere after the sintering step. 

According to the above manufacturing method, in the preparation of the silicon 
nitride sintered body forming the abrasion resistant member, a rare earth oxide, an 

20 aluminum component, silicon cartDide, and an optional compound, such as Ti, Hf, or 
Zr, or the like are added to an inexpensive silicon nitride raw powder manufactured 
by metal nitriding method. Thus, the compound, together with rare-earth oxide, such 
as yttrium oxide, reacts with the silicon nitride raw powder to form a liquid phase, 
serving as a sintering promoter. The sintering promoter can increase the density of a 

25 sintered compact and prevent or reduce the grain growth in the crystal structure. 
Thus, the resulting silicon nitride abrasion resistant member has particulariy excellent 
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workability, as well as a high mechanical strength, high abrasion resistance, and a 
long rolling life of the silicon nitride sintered body. 

The silicon nitride powder used in the present inventive method and serving as 
the main component of silicon nitride sintered body forming an abrasion resistant 
5 member is an inexpensive silicon nitride raw powder manufactured by metal nitriding 
method. In consideration of the sintering characteristics, the bending strength, and 
the fracture toughness, preferably, the silicon nitride powder contains at least 80% by 
mass, preferably 90% to 97% by mass of a-silicon nitride containing 1 .5% by mass or 
less, preferably 0.9% to 1.2% by mass of oxygen and has an average particle 

1 0 diameter of 1 .2 inm or less, preferably about 0.6 to about 1 .0 \im. 

A silicon nitride raw material powder is known to have an a phase type and a p 
phase type. A silicon nitride sintered body of a p-silicon nitride powder tends to have 
insufficient strength. An a-silicon nitride powder provides a high-strength sintered 
body having a high aspect ratio and containing highly entangled silicon nitride crystal 

15 grains. 

The amount of the a-silicon nitride powder is limited to at least 80% by mass in 
the present inventive method because the bending strength, the fracture toughness, 
and the rolling life of the sintered compact are improved significantly and the 
excellent characteristics of silicon nitride are remarkable in this range. Furthermore, 

20 in consideration of sintering characteristics, the amount of the a-silicon nitride powder 
is limited to 97% by mass or less. Preferably, the amount of the a-silicon nitride 
powder is 90% to 95% by mass. 

Consequently, in consideration of the sintering characteristics, the bending 
strength, the fracture toughness, and the rolling life, the silicon nitride raw material 

25 powder preferably contains 1.5% by mass or less, preferably 0.9% to 1.2% by mass 
of oxygen and at least 80% by mass of a-phase type silicon nitride, and preferably 
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has an average particle diameter of 1 .2 iim or less, preferably about 0.6 to about 1 .0 

In particular, use of a fine raw material powder having an average particle 
diameter of 0.8 ^im or less can provide a densely sintered body having a porosity of 
5 1 % or less even using a smaller amount of sintering aid. The porosity of the sintered 
body can easily be determined according to Archimedes' principle. 

The rare earth element to be added to the silicon nitride raw material powder 
as a sintering aid may be an oxide of Y, Ho, Er, Yb, La, Sc, Pr, Ce, Nd, Dy, Sm, or Gd, 
or may include each of these substances to be oxidized by sintering operation or a 
10 combination of at least two oxides. These sintering aids react with the silicon nitride 
raw material powder to form a liquid phase, thus functioning as a sintering promoter. 

The amount of the sintering aid is 2% to 4% by mass (oxide equivalent) of the 
raw material powder. When the amount of the sintering aid is less than 2% by mass, 
the resultant sintered body has an insufficient density and strength. In particular, 
1 5 when the rare earth element has a high atomic weight as in a lanthanoid element, the 
sintered body has a relatively low strength. When the amount of the sintering aid is 
more than 4% by mass, an excessive amount of grain boundary phases are 
generated. This may increase the number of pores or decrease the strength. Thus, 
the amount of the sintering aid is limited within the range described above. In 
20 particular, the amount of the sintering aid is desirably 2,5% to 3.5% by mass because 
of the same reason. 

The aluminum component is 2% to 6% by mass (oxide equivalent) of 
aluminum oxide (AI2O3) or aluminum nitride (AIN). Specifically, AI2O3 is added at 4% 
by mass or less to enhance the function of the rare earth element as a sintering 
25 promoter, allows an increase in the density at low sintering temperature, control the 
grain growth in the crystal structure, and increase the mechanical strength, such as 
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the bending strength and the fracture toughness, of a Si3N4 sintered body. However, 
less than 2% by mass of AI2O3 has insufficient effects. More than 4% by mass of 
AI2O3 increases the oxygen content in the sintered body The increased oxygen 
content causes a nonuniform distribution of components in a grain boundary phase 
5 and decreases the rolling life. Thus, the amount of AI2O3 is controlled to be 2% to 4% 
by mass, preferably 2% to 3.5%. 

On the other hand, AIN is added desirably at 3% by mass or less so as to 
prevent or reduce the evaporation of a silicon nitride component during the sintering 
operation and enhance the function of the rare earth element as a sintering promoter. 

10 However, less than 1% by mass of AIN has insufficient effects. More than 3% by 
mass of AIN decreases the mechanical strength of the sintered compact and the 
rolling life of the abrasion resistant member. Thus, the amount of AIN is controlled to 
be 1 % to 3% by mass. 

In this regard, the addition of both 2% to 4% by mass of AI2O3 and 1 % to 3% 

15 by mass of AIN to the silicon nitride powder can more effectively improve the 
mechanical charactehstics of a sintered body. However, an excessive amount of 
AI2O3 and AIN decreases the rolling life of the abrasion resistant member. Thus, the 
total content of the aluminum components in the raw material mixture is preferably 
set to 6% by mass or less (oxide equivalent). 

20 Further, silicon carbide (SiC) as an indispensable additive component is 

dispersed as individual particles in a crystal structure and remarkably improves the 
rolling life of sintered silicon nitride. Less than 3% by mass of silicon carbide has 
insufTicient effects. More than 7% by mass of silicon carbide results in an insufficient 
density and decreases the bending strength of the sintered body. Thus, the amount 

25 of silicon carbide is limited to 2% to 7% by mass. Preferably, the amount of silicon 
carbide is 3% to 6% by mass. Silicon carbide can be divided into an a type and a p 
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type, both of which exhibit the same operational effects. 

On the other hand, at least one compound selected from the group consisting 
of oxide, carbide, nitride, silicide, and boride of Ti, Hf, Zr, W, Mo, Ta, Nb, and Cr 
enhances the function of the rare-earth oxide as a sintering promoter, promotes the 
5 dispersion in the crystal structure, and improves the mechanical strength and the 
rolling life of sintered silicon nitride. In particular, Ti, Mo, and Hf compounds are 
preferred. Less than 0.3% by mass (oxide equivalent) of the compound has 
insufficient effects. More than 3% by mass of the compound decreases the strength 
and the rolling life of the sintered body. Thus, the amount of the compound is limited 
10 to 3% by mass or less. Desirably, the amount of the compound is limited to 0.5% to 
2% by mass. 

Furthermore, as the same manner as in SiC, the compounds of Ti, Hf, Zr, W, 
Mo, Ta, Nb, or Cr, enhance the dispersion thereof in the crystal structure, and 
improve the mechanical strength of the silicon nitride sintered body. As a result, a 

15 fine grain boundary phase containing a rare earth element or the like is formed in a 
silicon nitride crystal structure, so that a cohesive segregated portion formed in the 
grain boundary phase becomes smaller and has a maximum width of 5 [xm or less 
and an average width of 2 ^lm or less. Thus, the resulting silicon nitride abrasion 
resistant member has a maximum pore size of 0.4 |im or less and a porosity of 1 % or 

20 less, and exhibits excellent mechanical characteristics with a three-point bending 
strength of 800 to 1000 MPa at room temperature, a fracture toughness of 5.7 to 6.5 
MPa-m^^, and a crushing strength of 150 to 200 MPa. 

Further, the compound described above containing Ti, Zr, or Hf or the like also 
discolors a sintered silicon nitride ceramic to be dark and black and thereby functions 

25 as a shading agent (light shielding agent) imparting opacity to the sintered body. 

Furthermore, the porosity of a sintered body, which has a large effect on the 
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rolling life and the bending strength of an abrasion resistant member, is controlled to 
be 1% or less. When the porosity is more than 1%, pores serving as the origin 
(starting point) of fatigue fracture increase greatly. An increase in the number of 
pores disadvantageously decreases the rolling life of the abrasion resistant member 
5 and the strength of the sintered body. More preferably, the porosity is set to 0.5% or 
less. 

The silicon nitride sintered body forming an abrasion resistant member 
according to the present invention is manufactured, for example, by the following 
process. A raw material powder mixture is prepared by adding predetermined 

1 0 amounts of required additives, such as a sintering aid, aluminum component such as 
AI2O3 or AIN, silicon carbide, and organic binder, and optional compound, such as Ti 
or the like, to a silicon nitride fine powder having the predetermined particle diameter 
and a low oxygen content. Then, the resulting raw material powder mixture is 
molded into a compact having a predetermined shape. The raw material powder 

15 mixture may be molded by general-purpose molding-die pressing method or CIP 
(cold isostatic pressing) method. 

In the formation of a compact (molded body) by the molding-die pressing 
method or the CIP molding method, the raw material powder mixture must be molded 
at a pressure of 120 MPa or more to form a grain boundary phase in which pores are 

20 hardly formed particularly after sintering operation. When the molding pressure is 
less than 120 MPa, a cohesive portion composed of a rare earth element compound, 
which principally forms a grain boundary phase, is easily formed. In addition, the 
resulting sintered body has an insuffident density, and the sintered body includes a 
lot of cracks. 

25 The cohesive portion (segregated portion) in the grain boundary phase tends 

to act as the origin or starting point of fatigue fracture, decreasing the life and 
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durability of the abrasion resistant member. On the other hand, the molding pressure 
more than 200 MPa may decrease the durability of a molding die and is not always 
productive and productivity is disadvantageously decreased. Thus, the molding 
pressure is preferably set to a range from 120 to 200 MPa. 
5 Subsequently, the molded body (molded compact) is heated at a temperature 

of eoo^'C to 800*^0 in a non-oxidizing atmosphere or at a temperature of 400°C to 
500°C in the air for one to two hours to remove the organic binder sufficiently and 
degrease the molded body 

Then, the degreased compact is sintered at normal pressure or high pressure 
10 in a non-oxidizing atmosphere of an inert gas, such as a nitrogen gas, a hydrogen 
gas, or an argon gas, at a temperature of 1 600*^0 to 1800^*0 for 0.5 to 10 hours. 
Examples of the pressure sintering method include ambient pressure sintering, hot 
pressing method, and HIP method. 

The silicon nitride sintered body may be subjected to HIP treatment in a non- 
15 oxidizing atmosphere at a pressure of 30 MPa or more. This treatment decreases 
the influence of pores, which act as the starting point of fatigue fracture in the sintered 
body. Thus, the resulting abrasion resistant member can have a further improved 
abrasion resistance and rolling life characteristic. 

The silicon nitride abrasion resistant member thus prepared in accordance 
20 with the above manufacturing method contains 4.5% by mass or less of oxygen and 
has a porosity of 1 % or less and a maximum pore size of 0.4 [im or less. The silicon 
nitride abrasion resistant member has a three-point bending strength of 800 to 1000 
MPa at normal temperature and exhibits excellent mechanical characteristics. 

Further, there can be obtained a silicon nitride abrasion resistant member also 
25 having a crushing strength of 150 to 200 MPa and a fracture toughness of 5.7 to 6.5 
MPam^^. 
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According to an abrasion resistant member of the present invention and a 
method for manufacturing the same, a raw material powder mixture, prepared by 
adding predetermined amounts of a rare earth element, aluminum component such 
as AI2O3 or AIN, silicon carbide, and compound of Ti, Hf, Zr or the like to an 
5 inexpensive silicon nitride raw powder, has greatly improved sintering characteristics. 
The resulting silicon nitride abrasion resistant member has a high density and a high 
mechanical strength, equal to or higher than those of conventional silicon nitride 
sintered bodies, as well as high abrasion resistance and in particular a long rolling life 
and excellent workability, and is suitable for a rolling bearing member. 

10 Thus, a bearing prepared using the above abrasion resistant member as a 

rolling bearing member can retain excellent rolling characteristics for a long period of 
time. Thus, a rotary apparatus having high operational reliability and great durability 
can be provided at a low cost and price. The abrasion resistant member can be also 
applied to wide applications requiring abrasion resistance, including a cutting tool, a 

15 rolling jig, a valve check ball, engine parts, various jigs and tools, various rails, and 
various rollers. 

Brief Description of the Drawing 

Fig. 1 is a cross-sectional view of a thrust rolling wear (abrasion) tester for 
20 measuring the rolling life characteristics of an abrasion resistant member according to 
the present invention. 

Best Mode for Carrying Out the Invention 

Next, embodiments of the present invention will be specifically described with 
2 5 reference to the examples described below. 
[Examples 1 and 2] 
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As Example 1, 3% by mass of Y2O3 (yttrium oxide) powder having an average 
particle diameter of 0.9 jxm serving as a sintering aid, 3% by mass of powdered AI2O3 
having an average particle diameter of 0.8 lam, 2% by mass of powdered AIN having 
an average particle diameter of 0.9 |im, 5% by mass of p-SiC (silicon carbide) having 
5 an average particle diameter of 0.8 jam, 1 % by mass of powdered TiOa (titanium 
oxide) having an average particle diameter of 0.6 ^m, and 1% by mass of powdered 
M02C (molybdenum carbide) having an average particle diameter of 1 inm were 
added to 83% by mass of Si3N4 (silicon nitride) raw powder that was manufactured 
by metal nitriding method. The Si3N4 (silicon nitride) raw powder contained 2800 ppm 

10 of Fe impurity, 700 ppm of Ca impurity, 1.3% by mass of oxygen, and comprising 
85% of a-phase type silicon nitride, and had an average particle diameter of 0.6 jam. 
The raw material powder mixture was wet blended and ground in ethyl alcohol using 
silicon nitride balls as a grinding medium for 48 hours and was then dried to prepare 
a uniform raw material mixture. 

15 Then, a predetermined amount of organic binder was added to the raw 

powder mixture to prepare a granulated preparation. The granulated preparation was 
pressed at a molding pressure of 150 MPa into a lot of compacts (molded bodies) of 
50 mm X 50 mm x 5 mm in thickness for a bending strength test and a lot of 
compacts of 80 mm in diameter x 6 mm in thickness for a rolling life test. Then, the 

2 0 compacts were degreased in an air current at 450*^0. The degreased compacts were 
sintered in a nitrogen gas atmosphere at 0.7 MPa at a temperature of 1800°C for 6 
hours to prepare sintered silicon nitride abrasion resistant members according to 
Example 1 . 

The sintered bodies prepared in Example 1 were further subjected to HIP (hot 
25 isostatic pressing) treatment in a nitrogen gas atmosphere at a pressure of 100 MPa 
and a temperature of 1700''C for one hour to prepare silicon nitride abrasion resistant 
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members according to Example 2. 
[Comparative Examples 1 to 4] 

Silicon nitride abrasion resistant members according to Comparative Example 
1 were prepared under the same conditions as in Example 1 except that powdered 
5 SiC was not added. 

The sintered bodies prepared in Comparative Example 1 were subjected to 
HIP treatment in a nitrogen gas atmosphere at a pressure of 100 MPa and a 
temperature of 1700''C for one hour, thereby to prepare silicon nitride abrasion 
resistant members according to Comparative Example 2. 
10 Silicon nitride abrasion resistant members according to Comparative Example 

3 were prepared under the same conditions as in Example 2 except that the 
powdered silicon nitride was manufactured by metal nitriding method, contained 1.7% 
by mass of oxygen and 70% of a-phase type silicon nitride, and had an average 
particle diameter of 1 .5 nm. 

15 Silicon nitride abrasion resistant members according to Comparative Example 

4 were prepared under the same conditions as in Example 2 except that the silicon 
nitride raw material powder was synthesized by thermal decomposition of an imide. 

Table 1 shows the porosity, the three-point bending strength at room 
temperature, the fracture toughness according to a microindentation method 
20 developed by Niihara, variations in the distribution of components in a grain boundary 
phase, and the rolling life for the silicon nitride abrasion resistant members thus 
prepared in the present Examples and Comparative Examples. 

In this connection, the porosity of a sintered body was measured and 
determined according to Archimedes* principle. On the other hand, the variations in 
25 the distribution of components in a grain boundary phase were evaluated by selecting 
a unit area of 100 )am x 100 fim from a cross section of the sintered body to be 
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observed, observing an enlarged photograph (about SOOOx magnification) taken by 
means of SEM or the like, and detecting the presence or absence of a cohesive 
segregated portion having a maximum width of 5 |im or more in the observed 
structure. 

5 A cohesive segregated portion in an enlarged photograph taken by SEM 

(scanning type electron microscope) or the like, appears darker than an ordinary 
grain boundary phase (for example, in a black-and-white photograph, a silicon nitride 
crystal grain appears black, a grain boundary phase appears white, and a cohesive 
segregated portion appears dark white), so that the segregated portion and the 

10 ordinary grain boundary phase can be clearly and separately identified. In addition, 
when the presence of a rare earth element is examined by EPMA, if necessary, the 
concentration of the rare earth element is reflected in a color darker than that of an 
ordinary grain boundary phase and can also be clearly identified. 

Bending test specimens (test pieces) of 3 mm x 40 mm x 4 mm in thickness 

15 prepared by cutting out from the respective sintered bodies were measured for the 
three-point bending strength at a span (distance between supporting points) of 30 
mm and a load applying speed of 0.5 mm/min. 

The rolling characteristics of the respective abrasion resistant, members were 
measured by using a thrust rolling wear (abrasion) tester as illustrated in Fig. 1 . The 

20 tester is constructed to include: a plate abrasion resistant member 2 disposed in a 
main body 1 of the tester; a plurality of rolling steel balls 3 disposed on the top 
surface of the abrasion resistant member 2; a guide plate 4 disposed on the rolling 
steel balls 3; a drive shaft 5 connected to the guide plate 4; and a holder (retainer) 6 
for defining the interval between the respective rolling steel balls 3. The main body 1 

25 is filled with a lubricating oil 7 for lubricating a rolling portion. The rolling steel balls 3 
and the guide plate 4 are formed of high-carbon chromium bearing steel (SUJ2) in 
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conformity with Japanese Industrial Standards (JIS G 4805). The lubricating oil 7 
may be a paraffin type lubricating oil (viscosity at 40^C: 67.2 mm^/S) or a turbine oil. 
60 The rolling life of a plate-shaped abrasion resistant member according to the 
present Example, which was defined by the number of rotations that have been 
5 occurred by the time until the silicon nitride abrasion resistant member 2 was 
exfoliated, was determined by rotating three SUJ2 rolling steel balls 3 having a 
diameter of 9.35 mm placed on a track having a diameter of 40 mm disposed on the 
top surface of the abrasion resistant member 2 in a turbine oil bath at 1200 rpm 
under a load of 400 Kg up to 1 x 10^ rotations. Table 1 shows the measured results. 
10 [Table 1] 



Sample 


Porosity 

(%) 


Three-Point Bending 
Strength 

(MPa) 


Fracture Toughness 
(MPa-m^^2) 


Variation in Component 
Distribution in Grain 
Boundary Phase 


Rolling Life 
(rotations) 


Example 1 


0.5 


880 


6.2 


None 


>1 xlO' 


Example 2 


<ai 


970 


6.3 


None 


>1 xlO' 


CExamplel 


0.3 


800 


6.1 


None 


3X10^* 


C.Exampie2 


<0.1 


900 


6.2 


Exist 


2X10® 


C.ExampleS 


<0,1 


930 


6.1 


Exist 


1 X10® 


C.Example4 


<0.1 


1000 


6.9 


None 


>1 X10' 



C.Example denotes Comparative Example. 

As is evident from the measured results shown in Table 1 . the silicon nitride 
abrasion resistant members according to the present Examples, which contained the 
predetermined additive components, had no or few pores and exhibited no variation 
in the distribution of components in a grain boundary phase. Although the silicon 
15 nitride abrasion resistant members according to the present Examples had lower 
strengths than some abrasion resistant members according to the present 
Comparative Examples, there could be obtained the abrasion resistant members 
according to the present Examples having excellent rolling lives and durability. In 
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addition, the grain boundary phases in the abrasion resistant members according to 
the present Examples had the maximum pore sizes of 0.4 \xn\ or less (not shown in 
Table 1). 

On the other hand, in the abrasion resistant members according to 
5 Comparative Exarnple 1 , which contained no SiC component, there are increases in 
cohesive segregation of a liquid phase component and variations in the distribution of 
components in a grain boundary phase, and decreases in the strength characteristics 
and the rolling life. 

On the other hand, in Comparative Example 2, where the sintered body was 
10 subjected to HIP but contained no SiC component, the three-point bending strength 
was high, but variations in the distribution of components in a grain boundary phase 
were not sufficiently reduced, and the rolling life was decreased. 

In Comparative Example 3, where the silicon nitride raw powder was 
synthesized by metal nitriding method but contained a smaller amount of a-phase 
15 type silicon nitride (70%), variations in the distribution of components in a grain 
boundary phase were increased and therefore the rolling life was decreased. 

Further, in Comparative Example 4, where silicon nitride raw material powder 
synthesized by thermal decomposition of an imide was used, the porosity, the 
bending strength, the fracture toughness, variations in the distribution of components 
20 in a grain boundary phase, and the rolling life were all excellent. However, there was 
a problem associated with workability. Furthermore, since this raw powder was 
expensive, the manufacturing costs were greatly increased. 

The following Examples and Comparative Examples specifically describe the 
applications of an abrasion resistant member according to the present invention to a 
25 bearing rolling ball. 

[Examples 1 B and 2B and Comparative Examples 1 B to 4B] 
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The granulated preparations (granulated grains) in Examples 1 and 2 and 
Comparative Examples 1 to 4 were charged into a molding die and were pressed into 
spherical compact precursors. The compact precursors were then subjected to CIP 
treatment at 150 MPa to prepare spherical compacts having a diameter of 11 mm 
5 serving as test samples for the crushing strength and the rolling life. 

The spherical compacts were degreased and were sintered under the same 
conditions as in the respective corresponding Examples and Comparative Examples, 
and, if necessary, were further subjected to HIP treatment to prepare densely 
sintered bodies. The sintered bodies were ground into bearing rolling balls as 
10 abrasion resistant members according to Examples IB and 2B and Comparative 
Examples 18 to 48. The bearing rolling balls had a diameter of 9.52 mm and a 
surface roughness of 0.01 fxm Ra. The surface roughness was expressed as a 
center-line average roughness (Ra) along the equator of a rolling ball measured with 
a stylus profilometer. 

15 The rolling balls thus prepared as the abrasion resistant members according to 

the present Examples and Comparative Examples were evaluated for the workability, 
the porosity, the crushing strength at room temperature, the fracture toughness 
according to a microindentation method developed by Niihara. variations in the 
distribution of components in a grain boundary phase, and the rolling fatigue life. 

20 The workability was determined and measured as the reduction rate of the 

diameter per unit time when the sintered bodies were ground into the balls having the 
predetermined diameter (9.52 mm) and the surface roughness (0.01 |im Ra). The 
reduction rate was expressed relative to the reduction rate of a ball prepared as a 
high-hardness abrasion resistant member according to Comparative Example 48 

25 using powdered silicon nitride synthesized by thermal decomposition of an imide 
(reference value 1 ). 
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The rolling fatigue life was measured by means of a thrust rolling abrasion 
(wear) tester illustrated in Fig. 1 . In the Examples and the Comparative Examples 
described above, the test specimen was the abrasion resistant member 2, and the 
SUJ2 rolling steel balls 3 were rotated on the surface of the abrasion resistant 
5 member 2. In contrast, in Examples 1 B and 2B and Comparative Examples 1 B to 4B, 
where silicon nitride rolling balls 8 were evaluated, the abrasion resistant member 2 
was replaced with an SUJ2 bearing steel plate 9. 

Three rolling balls 8 having a diameter of 9.52 mm were manufactured from 
the abrasion resistant members as described above. The three rolling balls 8 were 

10 placed on a track having a diameter of 40 mm disposed on the top surface of the 
SUJ2 steel plate 9. The three rolling balls 8 were rotated in a turbine oil bath at 1200 
rpm under a maximum contact stress of 5.9 GPa for 400 hours or less. The rolling 
fatigue lives of the sintered silicon nitride rolling balls 8 were determined by the 
elapsed time until the balls 8 were exfoliated Table 2 shows the results of the 

15 measurements. 



[Table 2] 



Sample 


Evaluation of 
Workability 
(Reduction Rate of 
Diameter per Time) 


Porosity 
(%) 


Crushing 
Strength 

(MPa) 


Variation in 
Component 
Distribution in 
Grain Boundary 
Phase 


Variation in Component 
Distribution in Grain 
Boundary Phase 


Rolling Life 
(Hr) 


Example 1B 


1.8 


0.5 


165 


6.2 


None 


>400 


Example 2B 


1.6 


<0.1 


180 


6.3 


None 


>400 


C.Example IB 


1.8 


0.3 


140 


6.1 


Exist 


150 


C.Example 2B 


1.6 


<0.1 


160 


6.2 


Exist 


200 


C.Example 3B 


1.6 


<0.1 


170 


6.1 


Exist 


250 


C.Example 4B 


1 


<0.1 


220 


6.9 


None 


>400 



As is evident from the measurements shown in Table 2, the silicon nitride 
rolling balls according to the present Examples, which contained the predetermined 
additive components, exhibited excellent workability, no variation in the distribution of 
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components in a grain boundary phase, crushing strengths comparable to the 
present Comparative Examples, and rolling fatigue lives of more than 400 hours. 
Therefore, the silicon nitride rolling balls according to the present Examples had great 
durability and were inexpensive. 
5 In Comparative Example 1B, which contained no SiC, variations in the 

distribution of components in a grain boundary phase were large, and the crushing 
strength and the rolling fatigue life were decreased. 

In Comparative Example 2B, which was subjected to HIP after sintering but 
contained no SiC, the pore size was reduced but the rolling fatigue life was 
1 0 decreased. 

In Comparative Example 3B, where the silicon nitride raw powder was 
synthesized by metal nitriding method but contained a smaller amount of a-phase 
type silicon nitride (70%), it was confirmed that variations in the distribution of 
components in a grain boundary phase were increased and therefore the rolling life 

1 5 was decreased. 

In Comparative Example 48, where silicon nitride powder synthesized by 
thermal decomposition of an imide was used, the porosity, the bending strength, the 
fracture toughness, the variations in the distribution of components in a grain 
boundary phase, and the rolling life were all excellent. However, there was a 

20 problem associated with workability. Furthermore, since this raw powder was 
expensive, it was confirmed again that the manufacturing costs greatly increased. 

In the measurement of the rolling fatigue lives of the silicon nitride rolling balls 
according to the present Examples, three rolling balls having a diameter of 9.52 mm 
were used. Even when the diameter and the number of balls to be arranged were 

25 changed, it was confirmed that the rolling characteristics depending on the loading 
conditions or rolling conditions could be obtained. 
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The following Examples and Comparative Examples specifically describes 
plate-shaped abrasion resistant members having different compositions or prepared 
under different treatment conditions from those in the Examples described above. 
[Examples 3 to 21] 

5 In Examples 3 to 21 , the silicon nitride raw material powder used in Example 1 , 

Y2O3 powder. AI2O3 powder having an average particle diameter of 1,0 ^m, AIN 
powder having an average particle diameter of 0.5 jam, and SiC powder having an 
average particle diameter of 0.5 jim, and, as illustrated in Table 3, Er203 powder 
having an average particle diameter of 0.9 ^im, T1O2 powder having an average 

10 particle diameter of 0.5 |am. M02C powder having an average particle diameter of 1 .0 
(am, and various powdered compounds having an average particle diameter of 0.4 to 
0.5 |im were mixed and compounded so as to provide the raw material mixtures 
having the compositions illustrated in Table 3. 

The resulting raw material mixtures were molded and were degreased under 

1 5 the same conditions as in Example 1 thereby to prepare molded bodies. Then, the 
molded bodies consisting of the raw material mixtures were sintered under the 
conditions as illustrated in Table 3 and were subjected to HIP treatment, thereby to 
prepare plate-shaped silicon nitride abrasion resistant members according to 
Examples 3 to 21 . 

2 0 [Comparative Examples 5 to 1 0] 

In Comparative Examples 5 to 10, as illustrated in Table 3, various additives, 
such as Y2O3 as a rare-earth oxide, AI2O3, AIN, and SiC were added in insufficient 
amounts or in excessive amounts so as to prepare raw material mixtures for the 
respective Comparative Examples. 

25 The resulting raw material mixtures were molded to prepare molded bodies 

and the molded bodies were degreased under the same conditions as in Example 1 . 
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Then, the molded bodies consisting of the raw material mixtures were sintered under 
the conditions as illustrated in Table 3 and were subjected to HIP treatment, thereby 
to form silicon nitride abrasion resistant members according to Comparative 
Examples 5 to 10. 

5 The silicon nitride abrasion resistant members thus manufactured in the 

present Examples and Comparative Examples were measured for the porosity, the 
three-point bending strength at room temperature, the fracture toughness, variations 
(scattering states) in the distribution of components in a grain boundary phase, and 
the rolling life of a disc plate under the same conditions in Example 1. Table 3 
1 0 illustrates the results. 
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As is evident from the results shown in Table 3, the abrasion resistant 
members according to the present Examples, which were manufactured by sintering 
a raw material compact (molded body) containing a predetermined amount of a rare 
earth element and specified amounts of various additives and if necessary subjecting 
5 the sintered compact to HIP treatment, had no or few pores and exhibited no 
variation in the distribution of components in a grain boundary phase, the strength 
characteristics comparable to the present Comparative Examples, and the rolling 
lives of more than 10^. Thus, the silicon nitride abrasion resistant members 
according to the present Examples had great durability. 

10 On the other hand, according to Comparative Examples 5 to 10, where the 

sintered bodies contained various additives, including a rare earth component, in 
amounts outside the specified range of the present invention, even when sufficient 
sintering or HIP treatment was performed, most sintered bodies exhibited variations 
in the distribution of components in a grain boundary phase and short rolling lives, 

1 5 failing to satisfy the characteristic requirements of the present invention. 

The following Examples and Comparative Examples specifically describe the 
applications of the abrasion resistant members according to Examples 3 to 21 and 
Comparative Examples 5 to 10 applied to rolling balls of a bearing. 
[Examples 3B to 21 B and Comparative Examples 58 to 108] 

20 The granulated preparations (granulated particles) in Examples 3 and 21 and 

Comparative Examples 5 to 10 were charged into a molding die and were pressed 
into spherical compact precursors. The compact precursors were subjected to CIP 
treatment at a molding pressure of 150 MPa thereby to prepare spherical compacts 
having a diameter of 11 mm serving as test samples for measuring the crushing 

2 5 strength and the rolling life. 

The spherical compacts were degreased under the same conditions as in 
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Example 1, and were sintered and were subjected to HIP treatment under the 
conditions illustrated in Table 4. The resulting sintered bodies were ground into 
bearing rolling balls as abrasion resistant members according to Examples 3B and 
21 B and Comparative Examples 58 to 10B. The bearing rolling balls had a diameter 
5 of 9.52 mm and a surface roughness of 0.01 |xm Ra. The surface roughness was 
expressed as a center-line average roughness (Ra) along the equator of a rolling ball 
measured with a stylus profilometer. 

The rolling balls thus prepared as the abrasion resistant members according to 
the present Examples and Comparative Examples were evaluated for the workability, 

10 which was determined by the reduction rate of the diameter per unit time when the 
sintered bodies were ground into the balls, as well as the porosity, the crushing 
strength, the fracture toughness, variations in the distribution of components in a 
grain boundary phase, and the rolling fatigue life. The rolling fatigue life was 
measured as the same manner as in Example IB. Table 4 shows the results of the 

15 measurements and evaluations. 
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As is evident from the results shown in Table 4, the rolling balls according to 
the present Examples, which were manufactured by sintering a raw material compact 
containing a predetermined amount of a rare earth element and specified amounts of 
various additives, such as AI2O3, AIN, and SiC, and if necessary subjecting the 
5 sintered compact to HIP treatment, had no or few pores and exhibited no variation in 
the distribution of components in a grain boundary phase, high crushing strengths, 
and the rolling fatigue lives of more than 400 hours. Thus, the silicon nitride rolling 
balls according to the present Examples had great durability. 

On the other hand, as shown in Comparative Examples 5B to 10B, where the 
10 sintered compacts contained various additives, including a rare earth component, in 
amounts outside the specified range of the present invention, even when sufficient 
sintering or HIP treatment was performed, it was confirmed that the sintered 
compacts exhibited poor workability, large variations in the distribution of components 
in a grain boundary phase, and short rolling fatigue lives. 

15 

The following Examples and Comparative Examples specifically describe the 
applications of abrasion resistant members to bearing rolling balls prepared from 
silicon nitride raw material powders containing different amounts of Fe and Ca as 
impurities. 

2 0 [Examples 22B to 768 and Comparative Examples 11 B to 21 B] 

Various powdered compounds, including oxide powder such as Y2O3 powder, 
nitride powder, and carbide powder used in Examples 3 to 21 were compounded so 
as to provide the compositions illustrated in Tables 5 to 7 thereby to prepare raw 
material mixtures. The raw material mixtures were charged into a molding die and 

25 were pressed into spherical compact precursors. The compact precursors were 
subjected to CIP treatment at a molding pressure of 150 MPa to prepare spherical 
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compacts having a diameter of 11 mm serving as test samples for measuring the 
crushing strength and the rolling life. 

The spherical compacts were degreased under the same conditions as in 
Example 1, and were sintered and were subjected to HIP treatment under the 
5 conditions illustrated in Tables 5 to 7. The resulting sintered compacts were ground 
into bearing rolling balls as abrasion resistant members according to Examples 22B 
and 76B and Comparative Examples 11 B to 21 B. The bearing rolling balls had a 
diameter of 9.52 mm and a surface roughness of 0.01 |am Ra. The surface 
roughness was expressed as a center-line average roughness (Ra) along the 

1 0 equator of a rolling ball measured with a stylus profilometer. 

The rolling balls thus prepared as the abrasion resistant members according to 
the present Examples and Comparative Examples were evaluated for the workability, 
which was determined by the reduction rate of the diameter per unit time when the 
sintered bodies were ground into the balls, as well as the porosity, the crushing 

15 strength, the fracture toughness, variations in the distribution of components in a 
grain boundary phase, and the rolling fatigue life. The rolling fatigue life was 
measured as the same manner as in Example 1 B. Tables 5 to 7 show the results of 
the measurements. 
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As is evident from the results shown in Tables 5 to 7, NA^en the Fe contents or 
the Ca contents of the sintered silicon nitrides were out of the ranges of 10 to 3000 
ppm and 10 to 1000 ppm, respectively, it was confirmed that the rolling lives of the 
balls tended to decrease. 
5 On the other hand, according to the present Comparative Examples, even 

when the contents of Fe and Ca impurities were controlled within the desirable 
ranges of the present invention, the raw material composition, the sintering conditions, 
and the HIP conditions had large effects on the strength characteristics and the 
uniformity of the sintered body structures, so that it was confirmed that the variations 
10 in the rolling lives of the balls might be large. 

Industrial Applicability 

As described above, according to an abrasion resistant member of the present 
invention and a method for manufacturing the same, predetermined amounts of a 

15 rare earth element, aluminum component such as AI2O3. silicon carbide, and 
optional compounds such as Ti, Hf, or Zr are added to an inexpensive silicon nitride 
raw powder synthesized by metal nitriding method, thereby to prepare a raw material 
mixture. Thus, the present invention can provide an inexpensive silicon nitride 
abrasion resistant member that has significantly improved sintering characteristics 

20 and workability, and a high density and a high mechanical strength, equal to or higher 
than those of conventional sintered silicon nitride, as well as high abrasion resistance 
and in particular a long rolling life, and is suitable for a rolling bearing member. 

Furthermore, the formation of pores is prevented or reduced, and variations in 
the distribution of components in a grain boundary phase are eliminated. Thus, the 

25 resulting abrasion resistant member has a long rolling life and great durability. A 
bearing prepared using the abrasion resistant member as a rolling bearing member 



can retain excellent rolling characteristics for a long period of time. Thus, a rotary 
apparatus having high operational reliability and great durability can be provided. 



